Hen egg ovalbumin is a mixture of three kinds ofproteins, Au A2, and A3 with two, one, and no phosphoryl residues, respectively. These three proteins were obtained by acid phosphatase treatment and then chromatography on a DEAEcellulofme AHcolumn. The isoelectric points of Al9 A2, and A3 were found by isoelectric focusing to be pH 4.75, 4.89, and 4.94, respectively. The denaturation temperature of each protein was examined by differential scanning calorimetry at its own isoelectric point and at pH 4.65. At both pHs, A3 had a lower denaturation temperature than A2or A1#The surface tension of an A3solution reached a constant more quickly than At or A2after formation of a new surface of the solution. These results indicate that the completely dephosphorylated ovalbumin A3 is more susceptible to heat and surface denaturation than phosphorylated ovalbumin is. The difference in the heat aggregation patterns of A1? A2, and A3
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solutions at different pH or salt concentrations showed that the electrostatic-repulsive force is important in helping to prevent the randomaggregation of denatured ovalbumin.
Heat-denatured egg ovalbumin molecules form an aggregate that is strongly influenced by the net charge of the molecules. The appearance of heated samples reflects this molecular behavior; a transparent gel, transparent solution, turbid suspension, or turbid gel can be produced by the heating of an ovalbumin solution at the same protein concentration and under the same heating conditions.1~4) The effect of the net charge on aggregate formation mayinvolve influences of pH, ionic strength, and chemical modification of the amino acid residues on the gel properties. 5~9) Ovalbumin is a globular phosphoprotein10) that exists in three forms, A1? A2, and A3, with two, one, and no phosphoryl residues per molecule, respectively.11* Serine 68 and 344 of ovalbumin link these phosphoryl residues,12) which can be eliminated by acid or alkaline phosphatases from potato, wheat germ, and other sources.13)
Enzymatic dephosphorylation is a mild way to modify protein to give different species with 967 slightly different surface net charges without affecting other amino acid residues. Here, ovalbumin A1? A2, and A3 species prepared with acid phosphatase treatment, which resulted in different surface net charges, were used to study the involvement of the surface net charge on the aggregation of molecules when heated. Weexamined the contribution of the phosphate residue to the stability of the protein conformation.
MATERIALS AND METHODS

Materials.
Hen egg ovalbumin was purified from fresh egg white by repeated crystallizations.
The purification method was as described elsewhere.3) Ovalbumin concenrations were calculated from the absorbance at 280 nm based on the value of £}%m=7.12.14) Acid phosphatase (EC 3.1.3.2) from wheat germ was obtained from Fluka AG, CH-947.0 Buchs (Switzerland).
Assay of acid phosphatase. Before ovalbumin was used as a substrate, the activity of acid phosphatase was assayed with />-nitrophenyl phosphate as a substrate to standardize the activity, as follows. The reaction mixture contained 620/il of 0.484m 2-(N-morpholino)ethane-siilfonic acid (MES) buffer, pH 5.5, with 0.194% NaN3, 91/A of 0.5m^-nitrophenyl phosphate, and 100 to 300/il of acid phosphatase (360/mnit/jul of 50niM MES buffer, pH 5.5). The total volume was brought to 3.00 ml by the addition of distilled water. The reaction mixture without the enzyme was incubated for lOmin at 37°C before the start of the reaction. The increase in absorbance at 405nmwith time was monitored by a Shimadzu UV-visible recording spectrophotometer UV-240 equipped with a Shimadzu graphic recorder PR-1 and a cell holder to circulate water of constant temperature (37°C): The enzyme activity was calculated using the molecular extinction of 18.51 cm2//^mol for nitrophenol.
WhenA2 or A3 ovalbumin was prepared, Al ovalbumin obtained by DEAEchromatography as described below was used as the substrate. At solution was desalted by dialysis or gel chromatography on a Pharmacia PD-10 column. The reaction mixture contained 374.2/A of A1 solution (60mg/ml), 51.6fA of 0.484m MES buffer (pH 5.5) containing 0.198% NaN3, and 6.94fA or 69.40jd of acid phosphatase solution (0.36 unit/ml) for the preparation of A2 and A3, respectively. The final volume was adjusted to 500 fA by the addition of distilled water. When A3 was prepared, the reaction mixture was put in a dialysis bag and dialysed against MESbuffer (0.484m, pH 5.5) containing 0.198% NaN3 to remove the phosphate produced. The reaction was done at 37°C for 18hr unless otherwise specified.
Fractionation of Alt A2, and A3 species by DEAE Cellulofine AH. Ovalbumin A1 was prepared as follows, A solution of purified ovalbumin (about 5 g) was dialysed against 10mMsodium phosphate buffer (pH 7.0) and put on a column (2.9 i.d. x60cm) of DEAECellulofine AH (Seikagaku Kogyo Co., Ltd., Tokyo) equilibrated with the same buffer. The adsorbed protein was eluted with a linear gradient of sodium phosphate buffer, pH 7.0, from 10 to 50mM. The Ax fractions eluted from the column at 0.9ml/min were collected and pooled. A2 and A3 ovalbumins wereprepared separately, as follows. After the phosphatase reaction, the reaction mixture was dialysed against 10mMsodium phosphate buffer, pH 7.0. About 900mg protein was put onto a DEAECellulofine AH column (2.9 i.d. x 30 cm) equilibrated with the same buffer. The adsorbed A2 and A3 ovalbumins were eluted with a linear gradient of sodium phosphate buffer, pH 7.0, from 10 to 50mM. The flow rate was 1.75ml/min. One fraction was 10.0ml. Fractions were concentrated by centrifugation at 3,000 rpm (Hitachi superspeed centrifuge SCR 20B with an angle rotor PRP20-2) with a microconcentrator (Centricon 10, Amicon Co., Danvers, MA), when necessary.
Isoelectricfocusing. All procedures for isoelectric focusing were done at 4°C. About 100ml of a 5% carrier ampholyte (Pharmalyte, Pharmacia Fine Chemicals AB) with a pH range from 4.5 to 5.4 containing 0.6ml of ovalbumin solution (21.3mg/ml) in a sucrose gradient (7~60%) was put in the column (2.0x 30cm). The ovalbumin solution was dialysed against distilled water before being used. The cathode solution contained phosphoric acid (2%), sucrose (60%), and carrier ampholyte (5%) (Ampholine, LKB) with a pH range from 4 to 6. The anode solution contained carrier ampholyte (2.5%) (Ampholine, LKB) with a pH range from 4 to 6. The ovalbumin solution was dialysed against distilled water before being used. Electrophoresis was for 70 hr (900 V) at 4°C. After electrophoresis, 1.2ml of each fraction was collected by elution with an ascending solution in the column with the introduction of a 60%sucrose solution from the end of the column (cathode side) by a peristatic pump. The pH of each fraction was measured at 4°C and each fraction with absorbance at 280nm was electrophoresed on a polyacrylamide (10%) gel to identify the molecularspecies.
Heat denaturation measurement by differential scanning calorimetry. Thermal denaturation was followed by differ- ment, 0.75ml of ovalbumin solution (0.40mg/ml) that had been dialysed against distilled water was added. The sample was mixed and heated at 80°C for 1 hr. After being cooled in tap water for 30min, the test tube containing the sample was put directly in cell holder of a Shimadzu UV-240 spectrophotometer (light path, 1 cm).
The absorbance of the sample meaured at 600nmwas used as the value for the turbidity.
RESULTS
Purification andfractionation of ovalbumin Ovalbumin exists in three forms with differences in the phosphate content in the approximate ratio of 85:12:3.10) The ovalbumin fraction purified in this study was fractionated by DEAE Celluloflne AH. Figure 1 shows three peaks, identified as A1? A2, and A3 by polyacrylamide gel electrophoresis. From the peak area in DEAEchromatography, the ratio ofAr:A2 :A3 wascalculated as 86.9 : 12.5 :0.6, which is consistent with the ratio mentioned above.
The protein concentrations of solutions of A1; A2, and A3 ovalbumin measured by use of the absorbance at 280nmwere close to those obtained by the Lowry method.
Dephosphorylation of A1 ovalbumin and fractionation ofAlf A2, and A3 ovalbumin To examine the reaction conditions for acid phosphatase to act on ovalbumin, purified ovalbumin was treated with acid phosphatase with different enzyme/ovalbumin ratios. solution (60.13mg/ml), 51.6//1 of0.194% NaN3 in 0.484m MES buffer (pH 5.5), and acid phosphatase (0.36unit///l) in 50mMMESbuffer (pH 5.5). The acid phosphatase activity was adjusted with /?-nitrophenyl phosphate as the standard substrate (see Materials and Methods). The volume of acid phosphatase added to the reaction mixture above was 0.00 (lane 1), 2.31 (2), 4.63 (3), 6.94 (4), 6.94 (5), 13.90 (6), 20.80 (7), 34.70 (8), and 69.40^1 (9), respectively. The final volume was adjusted to 500//I by the addition of distilled water. The reactions were done for 18 hr at 37°C. The reaction mixtures from 5 to 9 were dialysed against distilled water during the reaction. Each reaction mixture (lOjug of protein) was put on the polyacrylamide gel (10%). Electrophoresis and staining of protein bands were done as described in Materials and Methods. Figure 2 shows that an increase in the enzyme/ ovalbumin ratio made the A1 band (with the fastest mobility) weaker and the A2 band stronger. A3 ovalbumin formed at the same time. This reaction was promoted by dialysis of the reaction mixture against MESbuffer during the reaction (lanes 4 and 5). This is because the phosphate released as a product inhibited the acid phosphatase activity. When A1 was used as the substrate instead of the purified ovalbumin, similar results were obtained. The A2 and A3 ovalbumins prepared with acid phosphatase were separated by DEAEcellulofine AHas shown in Fig. 1 and rechromatographed to obtain purified A2 and A3 on DEAECellulofine. These samples were used for the following experiments. A2 and A3 were eluted at positions similar to those in Fig.   1 .
Properties ofAlf A2, and A3 ovalbumin
The same amount of A1? A2, and A3 ovalbumin was combined and studied by elec-trofocusing chromatography to measure the isoelectric points. Figure 3 shows peaks at pH 4.75, 4.89, and 4.94 , which corresponded to Al5 A2, and A3 ovalbumin, respectively, as identified by the polyacrylamide electrophoretic pattern of each fraction as shownin the bottom of Fig. 3 . Al5 A2, and A3 ovalbumin were exhaustively dialysed against distilled water. The pHs of these fractions were 4.71, 4.79, and 4.89 for A1? A2, and A3, respectively, after dialysis. These values were close to those estimated by electrofocusing.
The denaturation temperature, TD, of each ovalbumin dialysed against water was measured (Fig. 4) . TDs of the original, Al5 and A2 ovalbumin were 79.6, 79.6, and 79.7°C, respectively; the TD ofA3 was 77.2°C, lower by about 2.4°C than that of the other ovalbumin species. When NaCl (100him) was added to each fraction, the rDs of the original, Al9
A2, and A3 samples were 79.0, 79.1, 79.3, and 76.4°C, respectively, which were all slightly lower than those obtained without NaCl.
The TD of A3 was lower than that of the others, independent on the ionic strength of the medium. As mentioned above, the pHs of the samples were slightly different, depending on the isoelectric point of each protein.
Then the pH of each solution was fixed and only the ionic strength of the solution was increased by use of 100mMacetate buffer, pH 4.65. The TD values for the original, A2, and A3 were 70.9, 70.7, and 69.5°C. The TD of A3 ovalbumin was lower than that of the other ovalbumin species by about 1.3°C. These results suggest that A3 was more sensitive than the other ovalbumin species to heat, indicating that the conformation of the ovalbumin has been altered or become flexible by the removal of both phosphoryl residues.
The difference in the conformational flexibility of A3 and the other ovalbumin species was examined in terms of the surface tension decay of their solutions. The surface tension of protein decreases with time, which corresponds to the adsorption and conformational change of molecules at the air-water interface, that is, to the surface denaturation of protein.17;18) The protein solution with a surface tension that reaches a constant value quickly after formation of a new solution surface has a high foamability,19) and this protein must have a flexible or amphipathic structure and be susceptible to surface denaturation. The surface tension of A3 ovalbumin solution attained a constant value faster than that of Ax or A2at both pH 4.30 and 5.88 (Fig. 5) . These findings indicate that the A3 is different from the others in being very susceptible to surface denaturation, which is consistent with the results of the TDmeasurements.
The completely dephosphorylated protein A3 is more susceptible to heat denaturation than the phosphorylated ovalbumin A2 or A3. Heat denaturation of ovalbumin induces the aggregation of molecules, which causes turbidity of the sample and the formation of gel network With molecules. Then the turbidity of each ovalbumin solution after being heated with or without NaCl was examined.
Effects of pH and salt concentration on the turbidity of Ax, A2, and A3 ovalbumin Heat denaturation of proteins probably causes the exposure of hydrophobicareas of the molecule on the outside. The attractive force between the denatured molecules arising from hydrophobic interaction is counteracted by electrostatic repulsive forces. If so, the heated proteins would form larger and more random aggregates near their isoelectric points than at other pH values, as the attractive force must be superior to the repulsive force at the isoelectric point. Wenext studied the effects of pH on the heat aggregation of Al5 A2, and A3 ovalbumin, which have slightly different net charges.
The clear solution of ovalbumin changed to a turbid suspension when heated (Fig. 6 ). The peak of the turbidity shifted to a higher pH with dephosphorylation; that is, Ax had the peak at the lowest pH, and the peaks ofA2 and A3 followed in accordance with the differences in the isoelectric points of A1? A2, and A3. Figure 7 shows the effects of NaCl added to the sample on the turbidity of A1? A2, and A3 at pH 4.25. A1? which had the least net charge of all at this pH, gave the most turbid sample at all NaCl concentrations tested. With the increase in net charge (A1 <A2 <A3), turbidity decreased when the NaCl concentration of each sample was the same.
DISCUSSION
The ovalbumin samples used here gave a ratio ofAr:A2:A3 as 86.9: 12.5:0.6, whichis very close to the value in the literature (85: 12:3 water had a lower TD than did ovalbumins Ax and A2 dialysed against water. The pH of the A3 solution was the highest of the three samples. Hegg et al.6) reported that the TD of ovalbumin varies depending on the pH of the solution. They showed that the TD at pH 5.0 was higher than that at pH 4.5 at low ionic strength. In our study, the solution of A3, which had a higher pH than A2 and A1? was denatured at lower temperatures. This result indicates that A3 is more sensitive to heat denaturation than Al and A2. A similar tendency was observed when NaCl was added to each sample at the isoelectric point and also at the fixed pH of4.65.
Heat-denatured ovalbumin molecules aggregate spontaneously. This aggregation gives a transparent gel, transparent solution, turbid suspension, or turbid gel, depending on the heating conditions, especially the pH and ionic strength.1~4) These differences are caused by a balance of the hydrophobic interactions and the electrostatic repulsive force.5~9) Here, absorbance of the heated solution of ovalbumin A1? A2, and A3 was highest near the isoelectric point. At pH 4.25, Ax gave the highest absorbance at various salt concentrations, and the absorbance of A2 and A3 followed in that order, which means that the protein solution at the pH closer to the isoelectric point gave the higher absorbance (turbidity). These results mean that the net charge of the denatured protein molecules should significantly influence on the aggregation of protein when heated.
The experiments showed that enzymatic dephosphorylation is useful for modifications and analysis of the functional properties of ovalbumin as a food material.
